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Most air conditioning and refrigeration systems that employ the vapor compression cycle rely on oil circulating with 
refrigerant to lubricate the bearings and other contact surfaces in the compressor. The lubricant acts as a sealant to 
reduce leakage losses during the compression process and it also helps to absorb some of the excess heat that is 
generated in the compression chamber. However, this oil circulation results in oil retention in various other 
components outside the compressor depending on the physical interaction between lubricant and refrigerant and their 
transport properties. Other factors, such as geometry and orientation of connecting lines and system operating 
conditions (e.g., refrigerant flow rate and oil circulation ratio), also impact the oil retention. As a result of oil retention, 
the oil level in the compressor reduces, which may ultimately affect its efficiency and life span. In addition, the 
pressure drop across the system increases and the efficiency of heat exchangers (evaporators and condensers) 
decreases with oil retention. The current line sizing rules reported in the ASHRAE Handbook Refrigeration have only 
limited consideration of the effects of oil in the system. With the increasing development of variable speed systems 
as well as future use of newer refrigerants, there is a need in the industry for upgrading the line sizing recommendations 
to consider the effects of oil retention, especially the connecting gas lines of unitary split systems. To address this 
issue, a physics based model has been developed to predict oil retention in horizontal lines. The model is validated 
using experimental data collected for R410A-POE32. The developed model will be a backbone of a design tool, which 
will provide more information on oil retention in refrigerant gas lines of the commonly used refrigerant-lubricant 





In HVAC&R systems using the vapor compression cycle, oil has an important role in compressors. In addition to 
lubricating moving components of the compressor, the oil also acts as a sealant to reduce leakage losses from the 
compression chambers. Furthermore, it helps to absorb some of the excess heat generated during the compression of 
the refrigerant and reduce noise and vibration. Compressors are designed such that most of the oil gets separated from 
the refrigerant vapor before it leaves the compressor discharge port, however some amount of the oil is still discharged 
from the compressor along with the refrigerant vapor in the form of droplets.  As this oil travels through the 
components of the vapor compression cycle, it is retained in the various components or worse, it is trapped in certain 
locations due to the inability to return with the refrigerant flow. As a result, the oil level in the compressor reduces, 
which may ultimately affect its efficiency and life span. In addition, the pressure drop across the system increases and 
the efficiency of the heat exchangers (evaporators and condensers) decreases as a function of oil retention. Loss or 
lack of oil in the compressor sump due to improper oil management is one of the major reasons for a compressor 
failure. Therefore, although oil is essential for compressors, its presence hurts the performance of other parts of the 
system. There is on-going research in the area of oil-free compression and a handful of oil-free compressors are 
commercially available. However, most of the HVAC&R systems running vapor-compression cycles still use oil-
lubricated compressors. Industry needs design tools to develop oil management solutions that maintain the reliability 
and robustness of their products, while meeting newer energy-efficiency standards. 
 
Current tables in ASHRAE Handbook 2014 in Ch.1 provide design direction in the area of oil return. These design 
criteria mainly assure that there exists enough mass flux in the suction lines to ensure that oil returns to the compressor 
at minimum operating conditions, thereby keeping oil from accumulating in the system at an unacceptable rate when 
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traditional, fixed capacity systems are employed. The current tables consider only R-22 and R134a with mineral oil 
and POE oils. However, better design tools are needed for the growing applications of variable-speed and tandem 
compressors coupled with emerging refrigerant-oil combinations in order to determine appropriate line sizes for oil 
return and to estimate oil retention and pressure drop scenarios.  
 
A more robust, general-purpose predictive model could enable design of better oil management strategies and address 
the issues that have arisen due to progression of the current state-of-the-art. The need for better design tools to address 
component-level reliability will continue to become more relevant as variable mass-flow rate capacity modulation 
schemes become more popular to meet increasing efficiency requirements. This paper focuses on a model developed 
to predict oil retention in horizontal gas lines of a typical unitary air-conditioning system. The model uses empirical 
correlations that were developed using experimental data. A test setup was built to measure oil retention in horizontal 
and vertical gas lines of different line diameters running various combination of refrigerant and oil at various mass 
flow rates and oil circulation ratios. The model along with the empirical correlations will feed information to a design 
tool that will bridge the current ASHRAE design guideline knowledge gap. 
   
2 EXPERIMENTAL SETUP 
 
2.1 Test Stand 
 
The objective of the test stand was to simulate refrigerant and oil flow in typical suction and discharge lines of air-
conditioning and refrigeration systems. To meet this objective, a setup was designed based on the concept used by 
Zoellick, (2010) for measuring oil retention.  A schematic of the test setup in shown in Appendix B. Liquid refrigerant 
and oil flow in two parallel separate loops. Prior to entering the evaporator, the liquid refrigerant and oil are mixed at 
the desired mass flow rate. In the evaporator, the refrigerant vaporizes and exits at a desired superheat. Then, the 
refrigerant vapor and liquid oil mixture enters the horizontal test section and subsequently the vertical test section so 
that the testing for both orientations is done simultaneously. Test sections of two different pipe diameters are currently 
installed in parallel to reduce the effort of changing the pipes. The flow can be diverted to these sections as per the 
required conditions. After flowing through the horizontal and vertical test sections, the oil is separated from the 
refrigerant as it passes through a series of oil separators. Pure refrigerant then flows through the condenser to the liquid 
receiver and the separated oil gets collected in an oil collector. Hot water and chilled water loops provide desired 
superheat through the evaporator and sub-cooling through the condenser. Control mechanisms are deployed to control 
the refrigerant and oil mass flow rate. Pressure sensors, thermocouples, and mass flow meters are installed to measure 
the conditions at different state points through the system. The data from all the sensors is sampled and stored at every 
second.  
  
2.2 Test Procedure 
 
Removable horizontal and vertical test sections that are ~2 m long, have been built using copper pipes, and have two 
different diameters (ID:10.9 mm and ID:16.92 mm), are installed as shown in the schematic in Appendix B. Before 
each of the horizontal test sections, another horizontal section of 1.3 m was added, which helps to develop the flow. 
To measure oil retention in the test section, the idea is to capture the refrigerant and oil at steady-state conditions. 
When the system reaches a steady-state condition, a pneumatic system is triggered that operates ball valves, which 
ensures all four valves (two valves on both the ends of each horizontal and vertical test section) are simultaneously 
shut. The test sections are then removed and held vertically for gravimetric measurements. Acetone (solvent) is poured 
in the test section from the top and the oil-acetone mixture is extracted into a clean and dry pre-weighed glass beaker. 
Acetone is then boiled off on a hot plate by constant stirring and maintaining the plate temperature at 105 °C. Once 
the acetone is evaporated, the remaining oil in the beaker is measured on a weighing scale with an accuracy of 0.1 mg. 
This oil is the amount of oil that was retained in the test section. 
 
Using this gravimetric method, oil retention was measured in horizontal and vertical lines with R410A and POE32. 
These oil retention measurements were carried out for the test condition combinations mentioned in a test matrix 
shown in Table 1. Refer to Appendix A for the values of Jacobs limit at the conditions mentioned in the test matrix. 
The experimental data points at these test conditions are overlaid on the results of model prediction plots in Figure 5 
to Figure 8 as discussed in Section 3.3. 
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[mm] [kg/m2-s] [%] [°C] [°C] 
R410A - POE-32 10.9, 16.9 
1/3 x Jacobs Limit 0.5, 3, 5 10 20 40 70 
1 x Jacobs Limit 0.5, 3, 5 10 20 40 70 
2 x Jacobs Limit 0.5, 3, 5 10 20 40 70 
3 x Jacobs Limit 0.5, 3, 5 10 20 40 70 
 
3 MODEL TO PREDICT OIL RETENTION 
 
3.1 Flow Regime – Modified Baker’s Map 
First, in order to get an insight into the flow regime for the horizontal orientation, the measured experimental data 
points were overlaid on a Modified Baker’s Map (Whalley, 1987), which is a widely used standard flow regime map 
for adiabatic horizontal flow.  
 
The parameters λ and ψ, were calculated using Equations (1)  and (2). The required properties of air and water were 
evaluated at room temperature (20°C) and atmospheric pressure (1 atm). Properties of refrigerant and lubricant were 
evaluated at the test section condition.  It is to be noted that the surface tension of oil was assumed to be constant, σL= 






















Experimental data points for R410A-POE32 are shown on the plot in Figure 1. It can be observed that most of the 
data points are in the stratified flow and wavy flow regimes. 
 
 
Figure 1: Experimental data points overlaid on modified Baker’s Map  
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3.2 Stratified Flow Model for Oil Retention Prediction in Horizontal Lines 
Govier and Aziz, (1972) presented a simplified physics-based model to determine the frictional pressure gradient and 
in-situ volume fractions that accounts for shear stress at the gas-liquid interface. Their model is mainly for a smooth 
interface and does not capture any effects of waves at the interface. However, their work provided a basic structure 
based on which researchers developed more advanced models. For example,  Agrawal et. al, (1973) proposed a model 
with a modified procedure for the evaluation of liquid phase friction factor that considers the velocity profile of the 
liquid phase. Taitel and Dukler (1976) developed a model that has been widely used for predicting transitions in flow 
regimes in horizontal and near horizontal gas-liquid flow. Recent models published by Chen et al. (1997) and Tzotzi 
and Andritsos (2013) account for the interfacial waves using different techniques.  
   
The same basic structure provided by Govier and Aziz, (1972) has been used to develop our model. The important 
geometric parameters and shear stresses are shown in Figure 2. The inner pipe diameter 𝐷𝐷 is known. This inner pipe 
diameter is used to calculate the cross sectional area 𝐴𝐴 and perimeter 𝑆𝑆. ℎ𝐿𝐿 is defined as the vertical height of the 
liquid-gas interface. 𝐴𝐴𝐿𝐿 and 𝐴𝐴𝐺𝐺  are defined as the areas occupied by the liquid (oil) and gas (refrigerant vapor) within 
the cross section of the pipe. 𝑆𝑆𝐿𝐿and 𝑆𝑆𝐺𝐺  are the perimeters covered by liquid and gas and 𝑆𝑆𝑎𝑎 is the width of the liquid-
gas interface. 𝛾𝛾 is the inner angle of the sector created by the liquid interface. The ratio ℎ𝐿𝐿
𝐷𝐷
 is defined in terms of 𝛾𝛾 and 
S in Equation (3). The ratio 𝑊𝑊𝑖𝑖
𝐷𝐷
 is then defined using ratio ℎ𝐿𝐿
𝐷𝐷
 in Equation (4). 
 
 
Figure 2: Schematic of cross section and longitudinal section of a pipe showing the geometric parameters defining 


















Area fraction is defined as the cross-sectional area occupied by the particular phase divided by the total cross-sectional 
area of the pipe. Accordingly, area fractions for liquid and gas, 𝛼𝛼𝐿𝐿  and 𝛼𝛼𝐺𝐺  are defined in Equations (5) and (6), 














𝐴𝐴 = 1 − 𝛼𝛼𝐿𝐿 
(6) 
D: Hydraulic Diameter   hL: Interface height   SL: Liquid Perimeter   SG: Gas Perimeter  Si: Interface width
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The liquid oil that is injected in the refrigerant loop has some amount of liquid refrigerant dissolved in it based on the 
solubility of the refrigerant-lubricant combination. The temperature and density of the oil-refrigerant mixture that is 
injected in the refrigerant loop was measured experimentally. Using the solubility curve provided by the oil supplier, 
the concentration of refrigerant in the oil was calculated from the solubility curve. Based on this concentration, the 
mass flow rates of refrigerant (?̇?𝑚𝑎𝑎𝑤𝑤𝑟𝑟) and oil (?̇?𝑚𝑜𝑜𝑎𝑎𝑜𝑜) were corrected.    
 
Using Equations  (8) and  (9), the velocities of both the fluids, 𝑢𝑢𝐿𝐿 and 𝑢𝑢𝐺𝐺, were estimated using the corrected mass 
flow rates of refrigerant and oil, cross-sectional area of each phase defined by the geometric parameters, and densities 
of each fluid, 𝜌𝜌𝐿𝐿and 𝜌𝜌𝐺𝐺 , at a particular operating condition. In addition, the superficial velocities of both the fluids, 𝑗𝑗𝐿𝐿 
and 𝑗𝑗𝐺𝐺 , were calculated using Equations (10) and (11). The Reynolds number for both the phases, 𝑅𝑅𝑒𝑒𝐿𝐿and 𝑅𝑅𝑒𝑒𝐺𝐺, were 
then determined using the superficial velocities, diameter of the pipe, and kinematic viscosities of each phase as shown 
in Equations (12) and (13). The Reynolds number calculated using the experimental data indicated that the liquid flow 









  (10) 𝑅𝑅𝑒𝑒𝐿𝐿 =
𝑗𝑗𝐿𝐿𝐷𝐷
𝜈𝜈𝐿𝐿
  (11) 
𝑗𝑗𝐿𝐿 = 𝑢𝑢𝐿𝐿𝛼𝛼𝐿𝐿 (12) 𝑅𝑅𝑒𝑒𝐺𝐺 =  
𝑗𝑗𝐺𝐺𝐷𝐷
𝜈𝜈𝐺𝐺
  (13) 
 
The wall shear stresses for individual fluids, 𝜏𝜏𝑊𝑊𝐺𝐺  and 𝜏𝜏𝑊𝑊𝐿𝐿, were calculated using single-phase friction factors, 𝑓𝑓𝐺𝐺  and 
𝑓𝑓𝐿𝐿 , superficial velocities, and densities of each fluid as shown in Equations (14) and (15). The friction factor 
correlations were defined with respect to the Reynolds number of the particular fluid. Depending on the type of flow 









 (16) 𝑓𝑓𝐺𝐺 = 𝐶𝐶𝐺𝐺𝑅𝑅𝑒𝑒𝐺𝐺−𝑚𝑚  (17) 
where,  
𝐶𝐶𝐿𝐿 = 16 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎 = 1.0 𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑎𝑎𝑚𝑚𝑙𝑙𝑎𝑎𝑎𝑎𝑓𝑓 𝑓𝑓𝑙𝑙𝑓𝑓𝑓𝑓 
𝐶𝐶𝐺𝐺 = 0.046 𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚 = 0.2 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢𝑙𝑙𝑒𝑒𝑎𝑎𝑡𝑡 𝑓𝑓𝑙𝑙𝑓𝑓𝑓𝑓 
𝑅𝑅𝑒𝑒 < 1000 => 𝐿𝐿𝑎𝑎𝑚𝑚𝑙𝑙𝑎𝑎𝑎𝑎𝑓𝑓 𝐹𝐹𝑙𝑙𝑓𝑓𝑓𝑓  
𝑅𝑅𝑒𝑒 > 2000 => 𝑇𝑇𝑢𝑢𝑓𝑓𝑡𝑡𝑢𝑢𝑙𝑙𝑒𝑒𝑎𝑎𝑡𝑡 𝐹𝐹𝑙𝑙𝑓𝑓𝑓𝑓 
 
The interfacial shear stress, 𝜏𝜏𝑎𝑎, cannot be determined analytically, and various researchers have proposed different 
empirical correlations. However, no correlations were found in the literature for refrigerant and compressor oil. To 
develop an empirical correlation for the proposed model, the interfacial friction factor, 𝑓𝑓𝑎𝑎, was plotted as a function of 
refrigerant Reynolds number from the experimental data as shown in Figure 3. This friction factor follows a trend, 
which is similar to the friction factor in the gas phase, 𝑓𝑓𝑔𝑔 , as shown in Figure 4. In addition, it can be observed that 
the interfacial friction factor, 𝑓𝑓𝑎𝑎, is a function of OCR. Therefore, a form of interfacial shear stress and friction factor 
is proposed that is shown in Equations (18) and (19). The values of K1, K2 and K3 were determined using a curve fit 
of experimental data for R410-POE32 in only the16 mm line. The predicted friction factor, 𝑓𝑓𝑎𝑎, is overlaid as solid lines 
on the plot in Figure 3. The R2 value of this fit was 96.34% 
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Figure 3: Friction factor of the interface with respect to refrigerant Reynolds 
number obtained from experimental data for different OCR. 
Figure 4: Friction factor of the refrigerant gas 








𝑓𝑓𝑎𝑎 = (𝐾𝐾1 𝑅𝑅𝑒𝑒𝐺𝐺−𝐾𝐾2) + 𝐾𝐾3 ∗ 𝑂𝑂𝐶𝐶𝑅𝑅  (19) 
where,  
𝐾𝐾1 = 0.1446 
𝐾𝐾2 = 0.5049 
𝐾𝐾3 = 0.0111 
 
 
For fully developed flow in a pipe, the one-dimensional momentum equations for the two phases can be written as 









with the shear stresses of the fluids at the wall and the shear stress at the liquid gas interface. By eliminating the 
pressure gradient under the assumption that the pressure drops in both the phases are equal, Equations  (20) and (21) 
reduce to Equation (22).  
 
The prediction of the area fraction, based on the proposed model requires an iterative solution. A value for 𝛼𝛼𝐿𝐿 is 
guessed, based on which all the geometric parameters are defined. Using the known mass flow rates, the velocities are 
determined for individual phases, which then allows determination of the Reynolds numbers and friction factors. With 
the known friction factors, all the shear stresses can be evaluated for both phases. By evaluating all the parameters, if 
Equation (22) does not converge to zero, the guess value of 𝛼𝛼𝐿𝐿 is updated (e.g., using a Newton's method or other 
numerical updating scheme) and the procedure is repeated. At convergence, the value of liquid area fraction (𝛼𝛼𝐿𝐿) 
becomes the prediction of the model. With the known value of 𝛼𝛼𝐿𝐿, the mass of oil retention, 𝑚𝑚𝑜𝑜𝑎𝑎𝑜𝑜 is calculated using 
Equation (23). The solubility correction for the refrigerant dissolved in the oil is applied to predict the true oil retained 





= 𝜏𝜏𝑊𝑊𝐺𝐺𝑆𝑆𝐺𝐺 − 𝜏𝜏𝑎𝑎𝑆𝑆𝑎𝑎  (20) 
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�  =  0 (22) 
𝑚𝑚𝑜𝑜𝑎𝑎𝑜𝑜 = 𝛼𝛼𝐿𝐿𝐴𝐴𝐿𝐿𝜌𝜌𝑜𝑜(1 −𝑓𝑓𝑎𝑎𝑤𝑤𝑟𝑟) (23) 
 
3.3 Model Prediction Results and Discussion 
The proposed model was implemented in the Engineering Equation Solver (EES) software (Klein, 2018). The software 
is designed to simultanously solve equations and uses default guess values for variables as a starting point for 
converging to a solution.  
 
The plots in Figure 5 and Figure 6 show oil retention with respect to refrigerant mass flux for suction conditions with 
R410-POE32 for the 16.9 mm and 10.9 mm lines, respectively. Similarly, Figure 7 and Figure 8 show oil retention in 
discharge conditions for the 16.9 mm and 10.9 mm lines, respectively. The solid lines are the predictions from the 
model, whereas the markers are the experimental data points. The transparent color bands are ±1 g/m wide to get an 
idea of the deviation of  predictions compared to the actual experimental data points. 
 
• The coefficients for the friction factor correlation were obtained using the experimental data for only the 16.9 
mm line. However, the model predicted oil retention within ±37.4% relative error for all the points which 
includes the 10.9 mm line data points for R410A-POE32. This shows that the model is capable of reasonable 
predictions for different pipe sizes. 
• The oil retention predictions in Figure 5 to Figure 8 were calculated for specific values of OCR corresponding 
to average experimental values for the different target OCRs in the tests. The values of OCR for experimental 
data points varied from the average values and are noted on the plot.  For example, in Figure 7, the orange 
solid line represents the prediction at an average value of OCR at 2.08%. However, the four experimental 
data points had different OCR. This difference explains some of the deviation in predictions from the 
experimental data points.  
• There are also some variations in the experimental saturation temperatures and the test section temperatures 
from the original targets that were used in the model. The actual saturation temperatures along with the 
superheat values for the experimental data points are also marked in the labels for a quick reference.  
• A parity plot eliminates all such variations as the prediction is made for the actual experimental conditions 
for the particular experimental data point to get a true comparison. Figure 9 shows the parity plot and it can 
be observed that the R2 value of prediction vs experimental value is 93% and all the data points fall within a 
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Figure 5: Oil retention vs refrigerant mass flux model prediction (lines) compared with experimental data (markers) 
for stratified flow for R410A and POE32 in 16.9mm suction line 
 
 
Figure 6: Oil retention vs refrigerant mass flux model prediction (lines) compared with experimental data (markers) 
for stratified flow for R410A and POE32 in 10.9mm suction line 
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Figure 7: Oil retention vs refrigerant mass flux model prediction (lines) compared with experimental data (markers) 
for stratified flow for R410A and POE32 in 16.9mm discharge line 
 
 
Figure 8: Oil retention vs refrigerant mass flux model prediction (lines) compared with experimental data (markers) 
for stratified flow for R410A and POE32 in 10.9mm discharge line 
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Figure 9: Parity plot showing the accuracy of the model for all the data points of R410A- POE32   
6. CONCLUSIONS 
 
Oil retention in horizontal lines was experimentally measured for R410A and POE32. A stratified flow model was 
developed to predict the oil retention using an empirical correlation for interfacial friction factor. The empirical 
correlation was developed using a subset of experimental data. The prediction of the model was then compared with 
all the experimental data points. The comparison indicates that the model is able to predict within ±37.4% relative 
error. The oil retention prediction results are shown for both suction and discharge lines with 16.9 mm and 10.9 mm 
inner pipe diameters. The ultimate goal is to further develop empirical correlations for other refrigerant-oil 
combinations and then create a design tool that can predict oil retention in refrigerant lines for typical refrigerant-oil 








� Actual velocity 
𝐷𝐷 [𝑚𝑚] Hydraulic diameter of pipe  
 
𝑓𝑓𝑎𝑎𝑤𝑤𝑟𝑟 [-] 
Concentration of liquid 
refrigerant in liquid oil based 
on solubility curve 
𝑓𝑓 [-] Friction factor  𝛼𝛼 [-] Area Fraction 
ℎ𝐿𝐿 [𝑚𝑚] 
Height of liquid 
level 















Mass flow rate  𝜏𝜏𝑊𝑊 [Pa] Shear stress at pipe wall 
𝑚𝑚𝑜𝑜𝑎𝑎𝑜𝑜 [g] Oil retention 
 𝜏𝜏𝑎𝑎 [Pa] 
Shear stress at liquid-gas 
interface 
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𝑅𝑅 [𝑚𝑚] Hydraulic radius of pipe 
 𝜎𝜎 N/m Surface tension 






Two-phase pressure gradient 
𝑆𝑆 [𝑚𝑚] Perimeter  𝑂𝑂𝐶𝐶𝑅𝑅 [-] Oil Circulation Ratio 
 
Subscripts 
    
𝐿𝐿 Oil in liquid phase     
𝐺𝐺 Refrigerant in gas phase     
𝑙𝑙 Liquid-gas interface     
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Appendix A: Jacobs limit for R410A for 16.9 mm and 10.9 mm lines for suction and discharge conditions 
Sr. 








[mm] [°C] [°C] [kg/m2-s] 
1 16.9 10 20 58.1 
2 16.9 40 70 80.5 
3 10.9 10 20 46.7 
4 10.9 40 70 64.7 
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Appendix B: Test Stand Schematic 
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